Purpose: To investigate the ameliorative effects of Vitellaria paradoxa (VP) nut extract for an anterior cruciate ligament transection with medial meniscectomy (ACLT+MMx)-induced osteoarthritis (OA) in high-fat diet (HFD)-induced obese rats. Methods: The rats were fed by HFD for 5 weeks before surgery-induced OA. Rats were treated orally with three different doses of VP nut extract (111.6, 223.2, and 446.4 mg/kg) for 8 weeks.
Introduction
risk of gastrointestinal and cardiovascular diseases. 13, 14 According to these conditions, functional foods have become an interesting thing to evaluate them as antiarthritis agents.
Vitellaria paradoxa nut extracts mainly consist of the unsaponifiable material parts containing triterpene with hydrocarbon and other minor compounds. Previous studies reported that triterpene possesses anti-inflammatory, antioxidation, anti-allergies, and antipruritic effects as well as improved diabetic nephropathy. [15] [16] [17] Documented studies of triterpene have shown reduced inflammation in patients with osteoarthritis, joint pain, cartilage disintegration and bone loss. 18 A previous study reported that in histological evidence, the triterpene from shea nut extract attenuated knee OA development in the standard-fed (normal) diet rat model. 8 Additionally, a recent study also reported that oral supplementation of shea nut oil triterpene also reduced OA symptoms and triglycerides level without changes in total cholesterol, high-density lipoprotein-cholesterol, body urea nitrogen, and aspartate transaminase in a normal diet rat model. 19 In this present study, we developed the model under obesity conditions and observed the biochemical properties, such as the proinflammatory cytokines, lipid properties, and enzymatic antioxidant activities as well as evaluating cartilage damage. Obesity has positively correlated with knee osteoarthritis, which will accelerate the deterioration of the knee joint. 20 Obesity affects osteoarthritis in joints as the weight of the load increases, which leads to damage to the cartilage and metabolic factors such as adipokines. 21 The adipokines (ie, leptin and adiponectin) and proinflammatory cytokines (ie, tumor necrosis factor-α, interleukin-1β, and interleukin-6) were highly expressed in adipose tissues in obesity conditions. 22 As such, we hypothesized that triterpene from Vitellaria paradoxa also had ameliorative effects on osteoarthritis symptoms in an obese rats model. Therefore, this study aimed to investigate the beneficial effects of triterpene-rich extract from Vitellaria paradoxa nut on anterior cruciate ligament transection and medial meniscectomy to induce osteoarthritis with high-fat diet-induced obese rats.
Materials and Methods Materials
The shea (Vitellaria paradoxa) nut extract (FlexNow Plus, SheaFlex 75) was provided by Universal Integrated Corporation (Taipei, Taiwan Briefly, rats were fed with a standard chow-fed diet (CFD) for a week to acclimatize. The control group (seven rats per group, n = 7) were also fed with a chowfed diet, and 35 diet-induced obesity rats were placed on the high-fat diet (HFD) for 5 weeks (Figure 1 ). The HFD was composed of~20% of fat in the total diet or~40% calories from fat by adding lard according to the previous method. Whereas, the CFD was composed of~5% of fat or~13.5% calories from fat. 23 After a 5-week obesity induction phase, the anterior cruciate ligament transection (ACLT) with medial meniscectomy (MMx) were performed to induce osteoarthritis (OA). The Obese+OA groups were fed by daily oral gavage with three different doses of VP triterpene-rich extract (0.5VP, 111.6 mg/kg of body weight, 223.2 mg/ kg, and 446.4 mg/kg) according to the previous method. 8 The rats were sacrificed after treatment for 8 weeks. The rats were fasted for 12 hours before sacrifice. The rats were placed in an empty chamber and the CO 2 was delivered to the chamber for euthanasia. The operated-knee joints were fixed in 10% formalin for histopathological examinations and grading according to OARSI osteoarthritis cartilage histopathology assessment as reported from the previous study. 24 Briefly, Grade 0, Normal cartilage, hyaline articular cartilage uninvolved with OA; Grade 1, Threshold in cartilage for OA and characterized by the retention of the articular cartilage surface layer; Grade 2, Focal discontinuity of the cartilage superficial zone; Grade 3, The extension of matrix cracks into the mid zone to form vertical fissures (clefts); Grade 4, Cartilage erosion; Grade 5, Denudation, the complete erosion of the hyaline cartilage to a level of mineralized cartilage or bone; and Grade 6, Changes in the contour of the cartilage surface (deformation).
Surgical-Induced Knee Osteoarthritis
Rats were anesthetized with Xylazine 13 mg/kg (Rompun, Bayer, Pittsburgh, PA, USA) and Tiletamine-Zolazepam 20 mg/kg (Zoletil 50, Virbac Lab., Carros, France) were injected intraperitoneally. 25 For the OA models, after shaving the hairs on their right knee, the right stifle joint was approached through a medial parapatellar arthrotomy. Then, the anterior cruciate ligament transection and a partial medial meniscus were removed (ACLT+MMx). Whereas sham surgery was conducted by entering the joint via a lateral incision, spraying the joint with saline, and closing the joint capsule without ACLT+MMx. After surgery, the wound was washed with sterile saline and, both capsule and skin were sutured using Vicryl 4-0 (Ethicon, Edinburgh, UK) absorbable suture and monofilament 4-0 Nylon threads (Ethicon, Edinburgh, UK), respectively. Intraperitoneal injection was performed twice a day for 3 days with Cefazolin (20 mg/kg) to prevent infection.
Weight-Bearing Difference and Knee Width Measurement
Incapacitance tester for measuring pain behavior can be observed in the animal joint pain. Under normal circumstances, the average weight of the rat hind limb will be assigned; if one side has a knee injury, the limb on the uninjured side will bear more weight. The rats were placed in boxes on their feet and balance tested. The rats stood on their hind legs while a bipedal balance tester measured the weight distribution of the two hind legs, each measurement time was 5 seconds, repeated 5 times for the mean value. Hind limb weight distribution is expressed as the difference between the weight of the ipsilateral and contralateral limbs. 26 Before the induction of obesity and surgery, the difference in knee swelling t between the operated-knee and unoperated-knee were measured by electronic digital caliper every week until the end of the experiment.
27 Figure 1 The flowchart of surgical-induced osteoarthritis in an obesity rat model. Abbreviations: CFD, chow-fed diet; HFD, high-fat diet; VP, Vitellaria paradoxa.
Plasma Biochemical Analysis
Blood samples were collected by heparinized-syringe into collection tubes and centrifuged at 1000× g at 4°C for 15 minutes to obtain the blood plasma. The plasma total cholesterol, triglyceride, superoxide dismutase activities, and proinflammatory cytokines including the tumor necrosis factor-α, interleukin (IL)-1β, and IL-6 were measured with commercial ELISA kits. All the methods conducted by following the manufacturer's protocols. Reduced glutathione (GSH) level was estimated by following the earlier method of Ellman.
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Briefly, the plasma (500 μL) were mixed with 10% trichloroacetic acid (500 μL). The contents were mixed well for complete precipitation of proteins and centrifuged at 20,000× g for 5 minutes. An aliquot of clear supernatant (10 μL) was taken and mixed with 85 μL of PBS. Ellman's reagent (5 μL) was added. After 5 minutes, the optical density was measured at 412 nm against a blank. Whereas, nitric oxide (NO) release was measured by using Griess reagent. 29 
Statistical Analysis
All the values were shown as the mean ± standard error of the mean (SEM). To determine the significant (p < 0.05) differences in all groups in all parameters we performed oneway analyses of variance (ANOVA) with Duncan post hoc test using SPSS software (v.22.0; IBM Corp., NY, USA).
Results

Effects of VP Nut Triterpene-Rich Extract on Body Weight Compositions
At 5 weeks of age after purchasing from the BioLASCO company, the mean weight of the high-fat diet group was significantly higher than the control group (Figure 2 ). After feeding with VP nut triterpene-rich extract, the results showed that the body weight of the Sham group was higher than the other groups. The amount of fatty tissues was also significantly increased in the obesity groups. and it reduced after feeding with VP nut triterpene-rich extract in the treatedgroups, however, the values were not significant when compared to the untreated-group. This extract also did not cause any effects on weight of heart, liver, kidney, and spleen between the groups ( Table 1) .
Effects of VP Nut Triterpene-Rich Extract on Plasma Biochemistry
By detecting the plasma lipid metabolism-related indicators, we found that total cholesterol (TC) level was significantly higher in the Sham and OA groups when compared to the Control group (Table 2) . However, after treatment with VP nut triterpene-rich extract, the TC level of the VP-treated groups was significantly lower than the OA group especially for the Osteoarthritis *** *** *** *** ** Figure 2 Effects of VP nut triterpene-rich extracts on body weight. Notes: Data are shown as the mean ± SEM. Differences were considered significant at **p < 0.01 and ***p < 0.001 versus Control group. Abbreviation: VP, Vitellaria paradoxa.
high-dose of VP nut triterpene-rich extract group. High levels of triglycerides (TG) were seen in the Sham and OA groups, however, there was no significant difference after treatment with VP nut triterpene-rich extract. Additionally, VP-treated groups also significantly increased the highdensity lipoprotein-cholesterol (HDL-C) levels and there was no change in low-density lipoprotein-cholesterol (LDL-C) levels.
VP Nut Triterpene-Rich Extract Downregulates Proinflammatory Cytokines
The proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6 were significantly increased in the Sham and OA groups when compared to the Control group ( Figure 3A-C) . After feeding with a high-dose of VP nut triterpene-rich extracts, the proinflammatory cytokines level was significantly decreased when compared to the OA group. The TNF-α and IL-6 levels in the high-dose of VP nut triterpene-rich extract groups also were significantly decreased when compared to both Sham and OA groups.
VP Nut Triterpene-Rich Extract Enhances Enzymatic Antioxidant Activity
The superoxide dismutase (SOD) and glutathione (GSH) levels after being fed with VP nut triterpene-rich extract do not show any significant differences when compared to the OA group, however they do show higher activities (Table 3) . Additionally, lipid peroxidation (malondialdehyde, MDA) results indicated that, feeding with VP nut extracts significantly reduced the MDA value. It was confirmed that the number of free radical production was significantly reduced ( Figure 4A ). Our results also showed that nitric oxide (NO) release after being fed with the triterpene-rich extract from VP nut, was significantly lower than in the untreated-groups (Sham and OA) ( Figure 4B ).
VP Nut Triterpene-Rich Extract Suppresses Knee Width and Weight-Bearing Distribution
The Control and Sham groups did not induce knee swelling, whereas, obesity with ACLT+MMx surgery-induced OA group showed an increase in knee swelling ( Figure 5A ). On the other hand, after feeding with triterpene-rich extract from VP nut for 8 weeks, the knee swelling significantly reduced when compared to the untreated osteoarthritis group. Further, using an Incapacitance tester, we assessed the status of rat knee pain and discomfort. The results showed that the hindlimb weight-bearing alteration on the contralateral and the ipsilateral limb of the untreated OA group was significantly higher than triterpene-rich from VP nut-treated groups. Whereas, the sham operation did not see any changes in hind limb weight-bearing ( Figure 5B ).
Triterpene-Rich Extract Ameliorates Knee-Joint Histopathology
The hematoxylin and eosin (H&E) and Safranin-O staining confirmed that the Sham group was not involved with OA (Grade 0, normal cartilage), whereas the untreated OA group (OA) showed the superficial zone degradation and hypotrophy (Grade 3) as shown in Figure 6A and B. The cartilage damage was reduced to Grade 2 after treatment with VP nut triterpenerich extract especially in the high-dose (VP 2X) groups.
Discussion
A previous study reported that Vitellaria paradoxa (VP) nut extract is composed of unsaponifiable matter and the major compound consists of triterpene alcohol fractions, such as lupeol, α-amyrin, β-amyrin, butyrospermol, and other triterpene alcohols. 30 Additionally, gas-liquid chromatography (GLC) also proved that shea nut extracts are composed of triterpene alcohol fractions, such as α-amyrin, β-amyrin, lupeol, and butyrospermol. 31 According to a previous study, the shea (Vitellaria paradoxa) nut oil triterpene attenuated knee OA development in standard or normal diet rat model based on the histological evidence. 8 In this present study, we used surgical-induced osteoarthritis in a high-fat diet-induced obesity rat model, then treated the rats with triterpene-rich extract from VP nut extract for 8 weeks. It has been reported that obesity is associated with OA progression, especially on knee OA due to increased body weight resulting in increased joint loading. A previous study also reported that feeding with HFD regulates the pain threshold by altered motor coordination in a mouse model. 32 Although, there were not any significant effects on the reduction of body weight, body weight after treatment with VP nut triterpene-rich extract was lower than the untreated OA group (Figure 2) . By reducing the body weight, it also reduced the mechanical stress on the knee joint and became an alternative nonpharmacological treatment to suppress OA development. 33 Increasing the body weight in obesity condition is also accompanied by increasing the fat tissues, such as abdominal fat and epididymal adipose tissues ( Table 1) . As shown in Table 2 , feeding with HFD also significantly increased the total cholesterol level. The untreated-OA group also showed a significantly high level of triglyceride when compared to the control group, whereas this was not significant with the sham group. A cohort study reported that serum triglyceride showed a significant trend between the normal population and osteoarthritis. 34 Additionally, high serum triglyceride also was observed in OA patients when compared to non-OA. 35 The adipokines, such as leptin and adiponectin as well as proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, and IL-6 were highly expressed in adipose tissues in obesity conditions. 22 Previous studies have also reported that feeding with a highfat diet increases the fat mass and also TNF-α, IL-6, leptin, as well as adiponectin expression. 36, 37 These proinflammatory cytokines have been reported to be associated with the development of OA by induction with some degradation enzymes including matrix metalloproteinases (MMPs), such as MMP-1, MMP-3, and MMP-13 through activation of the nuclear factor (NF)-kβ signaling pathway. 38, 39 High expression of TNF-α, IL-1β, and IL-6 showed on untreated (Sham and OA) groups (Figure 3 ). Treatment with VP nut triterpene-rich extracts successfully decreased the expression of these proinflammatory cytokines. According to this condition, we hypothesized that triterpene-rich extract from VP nut suppressed the expression of MMPs at the articular surface and inhibited cartilage degeneration. A previous study reported that triterpene from shea extracts was shown to have anti-inflammatory properties by suppressing NF-κB activation and also antioxidant activity. 15 Additionally, triterpene-rich extract also decreased the TC level, whereas the HDL-C level was increased. The ability of triterpene to regulate lipid metabolism has been reported by the previous study. 40 This previous study reported that the triterpene which is isolated from the stem bark of Protorhus longifolia caused a significant lowering of the levels of TC and LDL-C with an increase in HDL-C in HFD-induced hyperlipidemia rats. A previous study also showed that triterpene (Antcins) from Antrodia cinnamomea possess an ability as an agonist for peroxisome proliferator-activated receptor-α (PPAR-α). PPAR-α has been used for treating dyslipidemia and metabolic disorders.
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A recent study reported that shea nut oil triterpene also reduced HDL-C in the normal diet of rats.
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In this present study we also showed that triterpene-rich extract from VP nut extract enhanced the enzymatic antioxidant activities especially in superoxide dismutase (SOD) activity when compared to the untreated osteoarthritis group (Table 3) . This extract also reduced oxidative stress as indicated by lower lipid peroxidation and nitric oxide release compared to the untreated OA group (Figure 4) . The lower activities of SOD and glutathione peroxidase (GPx) showed in obesity compared to a healthy condition and was accompanied by higher malondialdehyde (MDA, as a lipid peroxidation marker) level. [42] [43] [44] Additionally, high expression of nitric oxide (NO) showed in OA patients and as a proinflammatory mediator, it positively correlated with OA development. 45 In many cases, osteoarthritis is accompanied by joint swelling and pain. 46 A previous study reported that significant knee swelling was observed in ACLT with the saline-treated group. 27 In this present study, the untreated OA group showed an increase in knee swelling and imbalance of hind limb weight-bearing ( Figure 5A and B). After treatment with VP nut triterpene-rich extract especially in high-doses, both knee swelling and weightbearing were reduced. Pain is caused by weight-bearing imbalance resulting in instability on their posture and reduced mobility as well as their quality of life. 46, 47 In the cartilage with OA, the signaling of proinflammatory cytokines, such as TNF-α and IL-1β could induce the expression of other inflammatory cytokines and various chondrolytic mediators including prostaglandin (PG)-E 2 .
Additionally, in vitro study of various triterpenes, such as taraxasterol and betulinic acid suppressed NF-κB activation and protected human chondrocytes by inhibiting MMPs, NO, and PG-E 2 production. 48, 49 Under H&E and Safranin-O staining observation (Figure 6 ), the Sham group not involved with OA is characterized by smooth cartilage surfaces, the matrix and chondrocytes are organized into superficial, mid and deep zones (Grade 0, normal cartilage). 24 Whereas, the untreated-OA group (Osteoarthritis group) showed OA progression by degradation on the superficial zone and hypocellularity (Grade 3). It was also accompanied by extension of matrix cracks into the mid zone. Treatment with VP nut extract especially in high-dose (VP 2X) successfully suppressed OA development with a small number of matrix cracks extending completely through the superficial zone (Grade 2). Grade 2 OA was also characterized by the focal discontinuity of the cartilage superficial zone. 24 A previous study reported that triterpene extract from shea nut oil reduced the imbalanced weight-bearing and attenuated knee OA development. 8, 19 Additionally, lupeol acetate also showed the anti-arthritic effects on complete Freund's adjuvant (CFA)-induced arthritic rats. 50 Overall, this present study showed the beneficial effects of triterpene-rich extract from Vitellaria paradoxa nut extract on surgically-induced OA with a high-fat dietinduced obese rat model. In this study, we also found that some measurements showed a similar ameliorative effect on the level of expressions when treated with VP nut extracts. Previous literature reported that in the case of the search for an optimum concentration, one of the critical roles is the tolerance mechanism. The organism learns slowly to decrease the distributing effect of the drug, when it is repeatedly disturbed by a specific drug by opposing the disturbance at the moment it occurs. 51 Therefore, we hypothesized that in some cases of measurements, a lowdose of VP nut extract is the most suitable concentration to regulate its expression, when the dose increases (highdose), the rats show a tolerance mechanism to VP nut extract and provide similar effects between low-and highdose of VP nut extract.
Conclusion
Oral administration of a triterpene-rich extract from Vitellaria paradoxa nut ameliorated some conditions in post-traumatic-induced osteoarthritis in obese rats, such as reduced body weight, total cholesterol, oxidative stress, and suppressed proinflammatory cytokine expressions. This extract also ameliorated joint swelling and pain. Therefore, it also attenuated the cartilage degradation. According to these findings, triterpene-rich extract from Vitellaria paradoxa nut can be used as a supplement for osteoarthritis improvement. This result also supported that functional foods can be used as an alternative for osteoarthritis treatment.
